Seizures are accompanied by cardiovascular changes that are a major cause of sudden unexpected death in epilepsy (SUDEP). Seizures activate inflammatory responses in the cardiovascular nuclei of the medulla oblongata and increase neuronal excitability. Pituitary adenylate cyclase-activating polypeptide (PACAP) is a neuropeptide with autocrine and paracrine neuroprotective properties. Microglia are key players in inflammatory responses in the CNS. We sought to determine whether PACAP and microglia mitigate the adverse effects of seizure on cardiovascular function in a rat model of temporal lobe epilepsy. Kainic acid (KA)-induced seizures increased splanchnic sympathetic nerve activity by 97%, accompanied by increase in heart rate (HR) but not blood pressure (BP). Intrathecal infusion of the PACAP antagonist PACAP(6 -38) or the microglia antagonists minocycline and doxycycline augmented sympathetic responses to KAinduced seizures. PACAP(6 -38) caused a 161% increase, whereas minocycline and doxycycline caused a 225% and 215% increase, respectively. In intrathecal PACAP-antagonist-treated rats, both BP and HR increased, whereas after treatment with microglial antagonists, only BP was significantly increased compared with control. Our findings support the idea that PACAP and its action on microglia at the level of the spinal cord elicit cardioprotective effects during seizure. However, intrathecal PACAP did not show additive effects, suggesting that the agonist effect was at maximum. The protective effect of microglia may occur by adoption of an M2 phenotype and expression of factors such as TGF-␤ and IL-10 that promote neuronal quiescence. In summary, therapeutic interventions targeting PACAP and microglia could be a promising strategy for preventing SUDEP.
Introduction
Epileptic seizures are commonly accompanied by autonomic changes that include disturbances in blood pressure (BP), heart rate (HR), and heart rhythm (Wannamaker, 1985; Darbin et al., 2002; Müngen et al., 2010; Pansani et al., 2011) . These cardiovascular changes may be dramatic and lead to "sudden unexpected death in epilepsy" (SUDEP), a syndrome that accounts for 5-17% of deaths in people with epilepsy (Sakamoto et al., 2008; Brotherstone et al., 2010; Tolstykh and Cavazos, 2013) .
Pituitary adenylate cyclase-activating polypeptide (PACAP) is a 38 aa peptide that activates three receptors: PAC1R, VPAC1R, and VPAC2R. The canonical pathway in each case is activation of adenylate cyclase, leading to two main effects on neurons. First, it is able to act as an excitatory neurotransmitter (Lai et al., 1997; Farnham et al., 2008; Farnham et al., 2011; Farnham et al., 2012) and, second, as a neuroprotective and anti-inflammatory agent by inhibiting the activation of mitogen activated protein kinase (MAPK) family and by stimulating secretion of IL-6 (Shioda et al., 1998) . During seizures, there is an upregulation of MAPK in hippocampus and, in patients who are recovering from tonicclonic seizure, IL-6 is elevated in CSF (Peltola et al., 2000) . Conversely, IL-6 knock-out mice are more susceptible to seizure-induced hippocampal damage (Penkowa et al., 2001) , suggesting that IL-6 is neuroprotective. Nomura et al. (2000) showed that PACAP gene expression increases in the paraventricular nucleus of the hypothalamus after KA-induced temporal lobe epilepsy in rats. Based on these findings, we hypothesized that PACAP itself or its action on activated microglia has neuroprotective effects that inhibit seizure-induced neuronal excitation and protect against the adverse autonomic effects of seizure. Activated microglia are associated with neurodegeneration both in patients and animal models of temporal lobe epilepsy (Mirrione et al., 2010; Ahmadi et al., 2013) ; however, their action as either neurotoxic or neuroprotective in brainstem and spinal cord cardiovascular nuclei remains unclear. A number of recent studies suggest that microglia may acquire the neuroprotective M2 phenotype, and increase endogenous production of TGF-␤ and IL-10 (Li et al., 2007; Mosser and Edwards, 2008; Neumann et al., 2008; Loane and Byrnes, 2010; Vinet et al., 2012) . These findings led to our second hypothesis that microglia in cardiovascular nuclei may be neuroprotective and provide a defense mechanism by attenuating sympathoexcitatory cardiovascular responses during seizure.
This study therefore aimed to investigate the role of PACAP and microglia in seizure-induced cardiovascular responses. Specifically, the aims of this study were to determine the effect of intrathecal administration of PACAP and the PACAP antagonist PACAP(6 -38) and the microglia antagonists minocycline and doxycycline on seizure-induced cardiovascular responses. We used in vivo physiological and pharmacological approaches in anesthetized rats using the KA-induced seizure model (Sakamoto et al., 2008) .
Materials and Methods
Animals. All procedures and protocols were approved by the Animal Care and Ethics Committee of Macquarie University and the Sydney Local Health District. All experiments were conducted on adult male Sprague Dawley (SD) rats (250 -350 g; Animal Resources Centre, Perth, Australia) in accordance with the Australian code of practice for the care and use of animals for scientific purposes.
Surgical preparation. Rats (n ϭ 64) were anesthetized with 10% urethane (ethyl carbamate; 1.3-1.5 g/kg, i.p.; Sigma-Aldrich). The depth of anesthesia was monitored by observing reflex responses (withdrawal or pressor Ͼ10 mmHg) to nociceptive stimuli (periodic tail/paw pinches). Additional anesthetic was injected (30 -40 mg, 10% urethane i.v.), if reflex responses were observed. Atropine sulfate (100 g/kg, i.p.; Pfizer) was administered with the first dose of urethane to prevent bronchial secretions. After the completion of the general surgical procedures described below, rats were secured in a stereotaxic frame with their abdomen resting on a heating blanket (TC-1000; CWE). Core body temperature was monitored with a rectal thermometer and maintained between 36.5 and 37.5°C throughout the experiment.
General surgical procedures. The right carotid artery and jugular vein were cannulated with polyethylene tubing [internal diameter (I.D.) ϭ 0.50 mm; outer diameter (O.D.) ϭ 0.90 mm; Microtube Extrusions] for recording of blood pressure, and for administration of drugs and fluids, respectively. A tracheostomy enabled mechanical ventilation (rodent ventilator; UGO Basile Biological Research Apparatus) and recording of expired CO 2 (Capstar 100 CO 2 analyzer; CWE). Electrocardiogram (ECG) was recorded from leads connected to the forepaws of the rat and HR was derived from it. Rats were vagotomized, artificially ventilated with oxygen-enriched room air, and paralyzed with pancuronium bromide (0.4 mg given as a 0.2 ml bolus i.v. injection, followed by an infusion of 10% pancuronium in 0.9% saline at a rate of 2 ml/h; AstraZeneca). Arterial blood gases were analyzed with an electrolyte and blood gas analyzer (Vetstat; IDEXX). PaCO 2 was maintained at 40.0 Ϯ 2 and pH between 7.35 and 7.45. The left greater splanchnic sympathetic nerve at a site proximal to the celiac ganglion and the left phrenic nerves were isolated, dissected, and tied with 5/0 silk thread. Nerve activity was recorded using bipolar stainless steel electrodes. Signals were amplified (BMA-931 Bioamplifiers; CWE; sampling rate: 6 kHz, gain: 2000, filtering: 30 -3000 Hz) and filtered with a 50/60 Hz line frequency filter (Humbug; Quest Scientific).
Intrathecal catheter placement. The atlanto-occipital junction was exposed and a catheter (polyethylene tubing, O.D. ϭ 0.50 mm; I.D. ϭ 0.20 mm; Microtube Extrusions) with a dead space of ϳ6 l was inserted into the intrathecal space of all rats through a slit in the dura and advanced caudally to the level of T5/6.
Electroencephalogram electrode placement. For the placement of electroencephalogram (EEG) electrodes, the scalp over the dorsal surface of the skull was incised, the skin retracted, and the periosteum scraped from the skull surface. Burr holes were drilled bilaterally for recording over the dorsal hippocampus (5.2 mm anterior to lambda, 3 mm lateral to midline, and 2-3 mm below the skull surface) and electrode positions were confirmed with cresyl violet staining. A single electrode wire was inserted into each hole using stereotaxic manipulator. Electrodes were 75 m Teflon-insulated stainless steel wires (A-M Systems). Signals were amplified (BMA-931 Bioamplifier; CWE), band-pass filtered from 1 Hz to 10 kHz, amplified 100ϫ, and digitized at 6 kHz (see data acquisition below).
Seizure induction. Intraperitoneal injection of KA was used to generate a seizure/KA dose-response curve in SD rats (Figs. 1, 2 ). Responses were recorded for at least 2 h after KA injection, during which continuous monitoring of EEG was used to identify the development of seizures. To determine the presence or absence of seizure, the amplitude of the AUC of the EEG before and after KA administration was measured. A seizure was considered to have occurred if the AUC increased by at least 50%. In vehicle-treated rats, no change occurred. The log-transformed values of percent change in AUC at 60 and 120 min after injection relative to the AUC before injection in different groups are shown in the Results.
From the dose-response study, we found that 2 mg/kg KA was sufficient to induce seizure and a significant increase in splanchnic sympathetic nerve activity (Figs. 1, 2 ) and was used for the rest of the study. At the conclusion of the experiments, rats were either killed with 0.5 ml of 3 M potassium chloride (KCl, i.v.) or deeply anesthetized and perfused with 400 ml of ice-cold 0.9% saline followed by 400 ml of 4% paraformaldehyde solution. The brains were removed from the perfused rats and postfixed in the same fixative overnight. Brains were sectioned coronally (100 m) and stained with cresyl violet for histological verification of the electrode positions.
Intrathecal drug administration protocol. In all dose-response studies, a control injection of 10 l of 10 mmol/L PBS was washed in with 6 l PBS 10 min before the intraperitoneal injection of KA. The same intrathecal PBS infusion protocol was followed for the vehicle control group of rats 10 min before intraperitoneal PBS injection.
The dose of PACAP-38 and the antagonist PACAP(6 -38) (Auspep) for intrathecal infusion was selected from our previous study (Farnham et al., 2011) . Ten microliters of 1 mmol/L PACAP(6 -38) or 300 mol/L PACAP was administered intrathecally and flushed in with 6 l of PBS. Doses determined from a previous study (Hua et al., 2005 ) for minocycline (100 g/10 l) or doxycycline (100 g/10 l) were administered intrathecally and flushed in with 6 l of PBS. In all groups of rats, intrathecal infusion was made 10 min before intraperitoneal KA or PBS injection. All infusions were made over a 10 -15 s period, as described previously (Farnham et al., 2008) . At the conclusion of experiments, the rats were killed as described above. Postmortem verification of the position of catheter tip was performed by exposing the spinal cord and checking its position with respect to the vertebra.
Data acquisition and analysis. Data were acquired using an ADC system (CED 1401; Cambridge Electronic Design) and Spike 2 acquisition and analysis software (version 8.01; Cambridge Electronic Design). The EEG activity raw data were DC removed. The amplitude of EEG activity (AUC) was analyzed in 5 min blocks taken 1 min before intrathecal infusion and 60 and 120 min after intraperitoneal injection of either KA or PBS. The percentage change in EEG AUC was calculated for each rat at 60 and 120 min after treatment compared with pretreatment area (taken as 100%) and grouped together. Phrenic nerve activity (PNA) was rectified and smoothed ( 0.5 s). PNA was analyzed from 1 min blocks taken 1 min before intrathecal infusion and 60 and 120 min after intraperitoneal injection of either KA or PBS. The percent change in area under curve was analyzed at 60 and 120 min compared with pretreatment area (taken as 100%). SNA raw data were rectified and smoothed ( 2 s) and normalized to zero by subtracting the residual activity 5-10 min after death. SNA was analyzed with a sigmoid curve-fit analysis method. A sigmoid curve was fitted to the processed SNA channel and the percentage low, percentage high, percentage range, and slope (%/s) were calculated (only percentage range is showed in graphs). Mean arterial pressure (MAP) and HR were analyzed from 1 min blocks taken 1 min before intrathecal infusion and the time at which it was peaked. End-tidal CO 2 and core temperature were analyzed from 1 min blocks taken 1 min before intrathecal infusion and intraperitoneal injection and 30, 60, 90, and 120 min after intraperitoneal injection of either KA or PBS. Arterial blood gas levels (PaCO 2 and pH) were measured 10 min before intrathe-cal infusion and 120 min after KA or PBS injections in all animals. Log transformation was applied to EEG and SNA raw values where necessary if variances were not normally distributed or heterogeneous. Statistical analysis was performed in GraphPad Prism software (version 6.04).
Statistical significance was determined using one-way ANOVA followed by t tests with Dunnett's correction for dose-response studies and with the Holm-Sidak correction for the rest of the study. Multiple comparisons were done between groups. p Յ 0.05 was considered significant. , maximum change in MAP (on y-axis) at respective time point after intraperitoneal PBS or KA injection (on x-axis) (B), maximum change in HR (on y-axis) at respective time point after intraperitoneal PBS or KA injection (on x-axis) (C) and log transform of percentage change in AUC of EEG activity at 60 min (D) and 120 min (E) after intraperitoneal PBS or KA injection, in PBS (n ϭ 5) and 0.1 (n ϭ 3), 0.3 (n ϭ 3), 1 (n ϭ 3), 2 (n ϭ 5), 3 (n ϭ 3), 5 (n ϭ 3), 8 (n ϭ 3), 10 (n ϭ 3), and 12 (n ϭ 3) mg/kg intraperitoneal KA-treated rats. Statistical significance was determined using one-way ANOVA followed by t tests and Dunnett's correction to compare effects with the control value. Data are expressed as mean Ϯ SEM. ****p Յ 0.0001;***p Յ 0.001;**p Յ 0.01 and *p Յ 0.05 compared with vehicle control group.
Calculation of corrected QT interval.
Because the length of the QT interval can be affected by heart rate, corrected QT (QTc) interval was calculated by dividing the QT interval in seconds by the square root of the R-R interval in seconds (Bazett, 1920) . The QTc was obtained in all rats before and after vehicle or KA injection.
Results

KA-induced seizures causes sympathoexcitation, tachycardia, and pressor responses
Intraperitoneal injection of KA in urethane anesthetized rats ( Fig.  1 ) was used to determine the most effective dose for use in this study (Fig. 2) . One-way ANOVA of peak EEG AUC responses revealed that the 2 mg/kg was the lowest dose of KA effective in significantly elevating EEG (120 min after KA: 64.0 Ϯ 17.7%; p Յ 0.0001; Fig. 2 D, E) , SNA (% range: 97.2 Ϯ 7.4%; p Յ 0.001; Fig.  2A ) and HR (⌬HR: 46.5 Ϯ 4.8 bpm; p Յ 0.05; Fig. 2C ). Therefore, a 2 mg/kg dose of KA was used in the rest of the study. SNA percentage low was same in all groups, whereas percentage high was significantly different in 2 mg/kg (194.3 Ϯ 6.0%; p Յ 0.05) and in all higher doses of KA compared with vehicle-treated group. The change in MAP was significantly higher only in 8 (⌬MAP: 48.3 Ϯ 4.5 mmHg; p Յ 0.0001) and 12 mg/kg (⌬MAP: 28.2 Ϯ 14.6 mmHg; p Յ 0.05) doses of KA compared with vehicle control, whereas the change in HR was significantly different in 2 mg/kg and all higher doses of KA compared with vehicle control. There were no significant differences in PNA, expired CO 2 , and rectal temperature in any of the groups studied (results not shown). Blood gas analysis revealed that blood PaCO 2 and pH were within normal physiological range in all animals (PaCO 2 was 40.0 Ϯ 2 and pH between 7.35 and 7.45). There was no significant change in pretreatment and posttreatment blood PaCO 2 and pH levels (results not shown). A 2 mg/kg intraperitoneal injection of KA increased EEG amplitude beyond 50% of baseline and was classified as a seizure. The EEG seizure response was followed by an increase in SNA (Fig. 1) . Importantly, SNA did not begin to increase before the first instance of seizure, eliminating the possibility of the increase in SNA being due to a peripheral effect of KA. The EEG activity started to increase at 25.6 Ϯ 3.6 min after KA injection, followed by SNA, MAP, and HR. SNA, EEG, and HR were significantly increased after KA injection compared with the vehicle-treated group.
Antagonism of PACAP exacerbates the cardiovascular effects of seizure
The PACAP antagonist PACAP(6 -38) was administered intrathecally to test the hypothesis that PACAP has a neuroprotective and anti-inflammatory role in KA-induced seizure rats that might be responsible for attenuating the seizure-induced sympathoexcitation. The seizure-induced cardiovascular responses were significantly increased by infusing PACAP(6 -38) 10 min before KA injection (Fig. 3A-C Fig. 3C ). Intrathecal infusion of 300 mol/L PACAP had no effect on the SNA increase in response to KA-induced seizure (Fig. 3A) . Intrathecal PACAP agonist and antagonist treatment had no effect on EEG activity in seizure-induced rats compared with the KA control group (Fig. 3D) .
Microglia antagonism worsens the cardiovascular dysfunction in seizure
The effect of blocking microglial activation on seizure-induced cardiovascular responses was evaluated at the spinal cord level. Intrathecal injection of the microglia antagonists minocycline and doxycycline in KA-induced seizure rats more than doubled the sympathoexcitatory and MAP responses, but did not affect HR. The microglia antagonists alone had no effect on measured cardiovascular parameters in vehicle-treated control rats (Fig.  4A-C) . These results indicate that microglia have a neuroprotective or anti-inflammatory role during seizure. Intrathecal minocycline significantly increased sympathoexcitation in KA-induced seizure rats compared with the KA control group (SNA high: 314.1 Ϯ 33.4%; p Յ 0.01, SNA range: 224.8 Ϯ 33.6%; Figure 3 . In vivo effects of intrathecal (IT) PACAP(6 -38) and PACAP-38 in 2 mg/kg KA-induced seizure rats. Change in SNA (% range) (A), maximum change in MAP (on y-axis) at respective time point after intraperitoneal PBS or KA injection (on x-axis) (B), maximum change in HR (on y-axis) at respective time point after intraperitoneal PBS or KA injection (on x-axis) (C), and log transform of percentage change in AUC of EEG activity at 60 and 120 min after intraperitoneal PBS or KA injection (D) in different groups of rats after development of seizure. In all groups, n ϭ 5. Statistical significance was determined using one-way ANOVA followed by t tests with a Holm-Sidak correction. Data are expressed as mean Ϯ SEM. ****p Յ 0.0001; ***p Յ 0.001; **p Յ 0.01; *p Յ 0.05 compared with vehicle control group; ##p Յ 0.01 and #p Յ 0.05 compared with KA control group. p Յ 0.01, Fig. 4A ; and SNA slope: 0.04 Ϯ 0.006%/s; p Յ 0.05). A similar response was observed with intrathecal doxycycline, which augmented the sympathoexcitation in KA-induced seizure rats compared with the KA control group (SNA high: 313.2 Ϯ 31.0%; p Յ 0.01, SNA range: 214.5 Ϯ 33.6%; p Յ 0.01, Fig. 4A ; and SNA slope: 0.05 Ϯ 0.008%/s; p Յ 0.01). MAP was also significantly increased in both minocycline-and doxycyclinetreated rats after KA treatment compared with the KA control group (⌬MAP: 31.0 Ϯ 2.9 mmHg; p Յ 0.05 and 30.0 Ϯ 2.9 mmHg; p Յ 0.05, respectively; Fig. 4B ). There was no significant difference in the HR response between the intrathecal microglia antagonist treatment in the seizure-induced group and the KA control groups (Fig. 4C) . Intrathecal minocycline and doxycycline treatment in the KA-induced seizure group had no effect on EEG activity compared with KA control (Fig. 4D) .
Proarrhythmogenic changes in ECG after seizure
In vehicle-treated rats, changes in QTc interval (⌬QTc) duration between pretreatment intraperitoneal PBS injection and 120 min after injection was 2.5 Ϯ 1.0 ms (Fig. 6) . The ⌬QTc interval was significantly increased in seizure-induced rats compared with vehicle control (13.1 Ϯ 1.5 ms; p Յ 0.001; Fig. 6 ). Compared with the vehicle control group, the ⌬QTc interval duration was significantly increased in the KA control, intrathecal PACAP-, PACAP (6 -38)-, and doxycycline-treated groups, but not in the minocycline-treated group (also seen in Fig. 5 ). The QT interval was prolonged in KA control, PACAP (6 -38)-, PACAP-, and doxycycline-treated rats compared with vehicle treatment (Fig.  5) . PACAP antagonist treatment not only prolongs the QT interval, but also causes a clear ST segment elevation (Fig. 5C, arrows) , both of which are prominent proarrhythmogenic changes (HRtriggered ECG was drawn pretreatment and posttreatment and shown in the right side corner of each graph; Fig. 5 ). Intrathecal minocycline treatment in the KA-treated group showed significant differences in ⌬QTc interval compared with the KA control group ( p Յ 0.01; Fig. 6 ).
Discussion
The main findings of the study are, first, that sympathetic nerve activity begins to rise several minutes after the start of a seizure. Second, we find that induction of seizure activity in the hippocampal EEG that follows intraperitoneal KA is associated with significant and dose-dependent increases in SNA, MAP, and HR and a prolongation of the QT interval. Third, in KA-induced seizure rats, intrathecal administration of the PACAP antagonist PACAP(6 -38) exacerbates the cardiovascular responses, whereas intrathecal administration of PACAP has no beneficial effect. Fourth, intrathecal infusion of tetracycline-derived microglia antagonists exacerbates the cardiovascular responses after the induction of seizures. Overall, antagonism of PACAP or microglia tends to worsen the sympathoexcitatory effects of seizures.
Our work demonstrates that KA-induced seizure has a powerful effect on the cardiovascular system. It increases SNA, MAP, and HR; prolongs QTc; and, after PACAP antagonist, causes ST elevation. Together, these changes markedly increase the risk of arrhythmia. The present study revealed a neuroprotective role of endogenous PACAP that is antagonized by intrathecal infusion of PACAP(6 -38) in KA-induced seizure rats. Therefore, PACAP attenuates KA seizure-induced sympathoexcitation. The failure to see a beneficial effect of PACAP agonist infusion may be due to an inadequate dose being provided. Alternatively, local neurons secreting PACAP may cause a maximal effect on local PACAP receptors so that additional intrathecal doses of PACAP provided exogenously have no effect. This creates the need for further study of the effect of PACAP during seizure on catecholaminergic and other bulbospinal sympathoexcitatory neurons in the rostral ventrolateral medulla (Schreihofer and Guyenet, 1997) . It is possible that microinjection of low doses of exogenous PACAP in rostral ventrolateral medulla might provide an additional neuroprotective effect during seizure and inhibit the sympathoexcitation. Microglia are activated by increased phosphorylation of the MAPK pathway. PACAP act on microglia via membrane- Figure 4 . In vivo effects of intrathecal (IT) minocycline and doxycycline in 2 mg/kg KA-induced seizure rats and vehicle control rats. Change in SNA (% range) (A), maximum change in MAP (on y-axis) at respective time point after intraperitoneal PBS or KA injection (on x-axis) (B), maximum change in HR (on y-axis) at respective time point after intraperitoneal PBS or KA injection (on x-axis) (C), and log transform of percentage change in AUC of EEG activity at 60 and 120 after intraperitoneal PBS or KA injection (D) in different groups of rats after development of seizure. In all groups, n ϭ 5. Statistical significance was determined using one-way ANOVA followed by t tests with a Holm-Sidak correction. Data are expressed as mean Ϯ SEM. ****p Յ 0.0001; ***p Յ 0.001; **p Յ 0.01; *p Յ 0.05 compared with vehicle control group; ##p Յ 0.01 and #p Յ 0.05 compared with KA control group. associated VPAC1 (PACAP) receptors, causing the release of substances such as IL-10 or TGF-␤, compounds that protect neurons from overexcitation (Fig. 7) . The finding that an increase in sympathetic activity after PACAP antagonism with PACAP(6 -38) or of microglial antagonism (doxycycline and minocycline) suggests that, in this model of epilepsy, there is strong activation of a neuroprotective PACAP and microglial pathway. The physiological effect of PACAP on microglia may act to dampen the sympathoexcitatory effects of seizure, an idea that is strengthened by the finding that tetracycline drugs had no effect in vehicle-treated animals.
To investigate the role of sympathoexcitation in acute seizure, we used a urethane-anesthetized, KA-induced model of seizure in rat. A single injection of KA in the range of 6 -15 mg/kg, leads to a syndrome of recurrent status epilepticus, with each seizure lasting 30 min or longer over a prolonged period in conscious rats (Lévesque and Avoli, 2013) . At these doses, it is well known that seizure activity causes autonomic dysfunction with acute cardiovascular changes (Sakamoto et al., 2008; Hotta et al., 2009 ). Here, we aimed to determine the lowest dose of KA that elicited seizure and sympathoexcitation. It is possible that this sympathoexcitation might be responsible for progressive deterioration of cardiovascular function in susceptible individuals and ultimately SUDEP. Several studies in human subjects during electroconvulsive therapy (ECT) reported changes in ECG that are proarrhythmogenic or ischemic. Because patients having seizures during ECT are under general anesthetic and neuromuscular blockade (Mokriski et al., 1992; Luckhaus et al., 2008) , it is likely that any autonomic features would be blunted. Nevertheless, the finding that changes do occur suggests that seizures occurring during daily life would exhibit worse changes in ECG.
We aimed to elucidate PACAP-dependent differences in seizure-induced sympathoexcitation and a neuroprotective role of PACAP. PACAP exerts its autocrine neuroprotective (Shioda et al., 1998; Reglodi et al., 2000) and paracrine anti-inflammatory (Shioda et al., 2006; Ringer et al., 2013 ) effects in two ways. PACAP not only inhibits the activation of members of the MAPK family such as c-Jun N-terminal kinase (JNK) (Shioda et al., 1998) , but also stimulates the secretion of IL-6 in CSF (Gottschall et al., 1994; Shioda et al., 1998) . This effect may be the mechanism of action of PACAP in attenuating seizure-induced sympathoexcitation (Fig. 7 ). An increased activity of MAPKs in seizure (Jeon et al., 2000; Ferrer et al., 2002 ) is associated with cell death in several experimental paradigms (Chan et al., 2003; Sakon et al., 2003) . Although there are controversies about the proinflammatory and anti-inflammatory properties of IL-6, increased levels are reported to have neuroprotective effects on sympathetic neurons (März et al., 1998) and neuroprotective and antiinflammatory effects in KA-induced seizure rats (Penkowa et al., 2001) . Nomura et al. (2000) showed that PACAP gene expression increases in the paraventricular nucleus of the hypothalamus after KA-induced temporal lobe epilepsy in rats. Our findings suggest a mechanistic role for PACAP during epilepsy because blockade of PACAP activity during acute seizure has a detrimental effect on seizure-induced cardiovascular dysfunction. Microglia activated during seizure also express costimulatory molecules CD40 and B7 that may lead to further activation of microglia. PACAP, acting on microglial VPAC1 receptors (Delgado et al., 1999) , increases IL-10 protein expression, causing a downregulation of CD40 and B7 mRNA expression in activated microglia, thereby acting as a potent anti-inflammatory agent (Delgado et al., 1999; Kim et al., 2002) . We propose that this effect of PACAP is a likely mechanism of action for the responses observed in this study (Fig. 7) .
Microglia are the innate immune cells of the CNS and represent ϳ10% of the total brain cell population. Microglia can be either neuroprotective or neurodegenerative depending on circumstances (Mosser and Edwards, 2008; Loane and Byrnes, 2010; Benarroch, 2013; Biber et al., 2014) . There is extensive microglial activation in animal models of seizure (Beach et al., 1995; Drage et al., 2002; Shapiro et al., 2008) and preconditioning of hippocampal microglia during the acute phase seizure results in a neuroprotective effect (Mirrione et al., 2010) . Other studies report a neuroprotective role of microglia in different animal models of neurodegenerative diseases (Li et al., 2007; Lai and Todd, 2008; Mosser and Edwards, 2008; Neumann et al., 2008; Loane and Byrnes, 2010; Vinet et al., 2012; Benarroch, 2013; Biber et al., 2014) such as ischemic injury (Kitamura et al., 2004; Kitamura et al., 2005; Imai et al., 2007; Lalancette-Hébert et al., 2007) and chronic stress-induced depression (Kreisel et al., 2014) . Until now, a role for microglia in seizure-induced cardiovascular responses was unclear. Our results demonstrate that inhibition of microglial activation and proliferation during KA-induced seizure worsens sympathoexcitation. The microglial antagonists minocycline and doxycycline act by inhibiting the p38 MAPK pathway. Current findings suggest a neuroprotective potential of activated microglial cells on sympathetic preganglionic neurons. This neuroprotective effect of microglia may occur through an endogenous production of neurotropic and anti-apoptotic molecules such as TGF-␤ and IL-10 (Benarroch, 2013) or by increased glutamate uptake (Persson and Rönnbäck, 2012) . In this scenario, TGF-␤-and IL-10-mediated activation of microglia into regulatory or M2 type has potent anti-inflammatory and neuroprotective potential.
Resident microglia actively survey their environment and are referred to as "surveilling microglia" (Nimmerjahn et al., 2005) . Activated microglia dynamically change into two different phenotypes, M1 or M2, that are generally considered to be inflammatory and protective respectively depending on the type of stimulus and microenvironment, participating not only in mechanisms of injury, but also in neuroprotection, repair, and circuit refinement in the CNS (Mosser and Edwards, 2008) . Our current findings suggest that acute seizure causes microglia to adopt the M2 phenotype and protect sympathetic neurons from excitotoxicity. The neuroprotective effect on sympathetic neurons may be due to microglial production of IL-10. Inhibiting microglial activation with intrathecal minocycline or doxycycline infusion in seizure-induced rats increased sympathoexcitation, leading to in- A proposed mechanism by which PACAP and microglia may have protective effects on sympathetic neurons in the brainstem and spinal cord during seizure. Seizure activates brainstem presympathetic neurons and changes cardiac and vascular reactivity. In seizure, microglia respond by changing from a quiescent surveillance state toward a more activated state. Activated microglia produce neurotropic and anti-apoptotic molecules, including TGF-␤ and IL-10. These molecules have protective effects on sympathetic neurons. Seizure increases the expression of PACAP, which inhibits the activation of MAPK and stimulates the secretion of IL-6 into the CSF. PACAP then acts on microglial VPAC1 receptors to cause increased IL-10 protein expression, followed by downregulation of the expression of the pro-inflammatory receptors CD10 and B7.
creased HR and BP. Recent phase 3 clinical trials of minocycline in amyotrophic lateral sclerosis (ALS) patients showed that minocycline has a harmful effect on an ALS functional rating scale and greater mortality during the 9-month treatment phase compared with placebo treatment (Gordon et al., 2007) . These findings are consistent with our current findings, which suggest that microglia antagonists worsen the effect of cardiovascular dysfunction during seizure. Overall, we propose that microglial activation during acute seizure has a neuroprotective effect due to adoption of the M2 phenotype or "protective" state. Microglial inactivation during acute seizure produces more neuroexcitation and cardiovascular dysfunction.
In conclusion, low doses of KA, which are adequate to produce seizures, lead to slowly developing, but prolonged and significant increases in SNA, MAP, HR, and EEG activity and a prolongation of the QTc interval. This type of severe disruption in central autonomic function may ultimately lead to progressive deterioration of cardiovascular function and SUDEP.
The clinical implications of our findings are that PACAP may exert a protective role against known adverse cardiovascular effects of seizure because antagonism of the PACAP receptor exacerbated the seizure-induced cardiovascular effects. PACAP may exert neuroprotective effects by preventing the activation of MAPKs and increasing levels of IL-6 and by its action on microglia. Together, our findings suggest that targeting PACAP and microglial activation may provide new therapeutic avenues in the prevention of seizure-induced cardiovascular dysfunction and SUDEP.
